Background
==========

Thyroid cancer originates from the follicular cells or parafollicular C cells in the thyroid gland and is a common endocrine malignancy \[[@b1-medscimonit-26-e922561]\]. Globally, the incidence of thyroid cancer has gradually increased over the past two decades because of the increasing diagnosis of cases of papillary carcinoma of the thyroid \[[@b2-medscimonit-26-e922561],[@b3-medscimonit-26-e922561]\]. However, there has been no significant change in the incidence of follicular thyroid cancer \[[@b2-medscimonit-26-e922561],[@b3-medscimonit-26-e922561]\]. The thyroid cancers also include anaplastic cancers and medullary thyroid cancers, and 5% of cases develop radioactive iodine-refractory tumors with an overall survival time of less than five years \[[@b4-medscimonit-26-e922561]\]. Anaplastic thyroid cancer is an aggressive malignancy that has an average overall survival of only six months \[[@b4-medscimonit-26-e922561]\]. Around 4% of patients with thyroid cancer have medullary thyroid cancer, for which the survival depends on the metastatic potential of the tumor \[[@b5-medscimonit-26-e922561],[@b6-medscimonit-26-e922561]\]. There remains a need for novel and effective chemotherapy for the treatment of thyroid cancer.

The mammalian target of rapamycin (mTOR) signaling pathway plays a central role in the regulation of processes related to cell growth and is distributed in two different complexes, mTORC1 and mTORC2 \[[@b7-medscimonit-26-e922561]--[@b9-medscimonit-26-e922561]\]. The mTOR-related proteins include mLST8/GβL and PRAS40, which comprise mTORC1. The major effectors of mTORC1 are eIF4E-binding protein (4EBP1) along with the S6 kinase 1 \[[@b10-medscimonit-26-e922561]\]. In combination with mLST8/GβL, mSIN1, protor, and rictor, mTOR includes mTORC2, which regulates the survival and proliferation of cells via AKT phosphorylation \[[@b11-medscimonit-26-e922561]\]. Abnormalities in the mTOR pathway are the common events detected in malignancy \[[@b7-medscimonit-26-e922561]\]. Cell growth regulation by mTOR involves the integration of signals obtained from various inputs \[[@b8-medscimonit-26-e922561]\]. The growth factors regulate mTOR through the involvement of the phosphatidylinositol-3-kinase (PI3K)/AKT pathway. However, growth factor-mediated regulation of mTOR is generally countered by phosphatase and tensin homolog (PTEN). During energy stress, AMP-activated protein kinase (AMPK) connects the energy status of the cells with mTORC1 \[[@b12-medscimonit-26-e922561]\]. Previous studies have demonstrated that overexpression of mTOR in cancers and phospho-mTOR is considered a marker of the aggressiveness of PTC \[[@b13-medscimonit-26-e922561],[@b14-medscimonit-26-e922561]\].

The altered activity of cyclin-dependent kinases leads to proliferation of thyroid cancer cells, which is the characteristic of malignant tumors \[[@b15-medscimonit-26-e922561]\]. CDK4 and CDK6 induce the cellular transition to the G1 phase from G0 following activation from D-type cyclins. CDK2 drives the transition from G1 to the S phase while as complex comprised of CDK1-cyclin B1 catalyzes progression through M phase \[[@b16-medscimonit-26-e922561]--[@b18-medscimonit-26-e922561]\]. The activity of CDKs is altered in human cancer, and is is associated with unrestricted cell proliferation \[[@b19-medscimonit-26-e922561],[@b20-medscimonit-26-e922561]\]. Studies have shown that in medullary thyroid carcinoma, cell proliferative is increased by CDK5 expression \[[@b21-medscimonit-26-e922561],[@b22-medscimonit-26-e922561]\]. CDK9 is involved in upregulation of RNA transcription via phosphorylation of RNA polymerase II at the C-terminal \[[@b23-medscimonit-26-e922561]\]. Therefore, control of CDK activity may inhibit tumor cell proliferation and has the potential to be a therapeutic target for thyroid cancer \[[@b24-medscimonit-26-e922561]\].

Metals that are complexed with platinum are commonly used chemotherapy agents, but they can have severe side effects. Copper metal complexes used as cancer therapeutic agents like cisplatin, oxaliplatin, and carboplatin have been found to induce various harmful effects despite possessing potential activity \[[@b25-medscimonit-26-e922561],[@b26-medscimonit-26-e922561]\]. Platinum may undergo complex formation with organic compounds to eliminate side effects from chemotherapy, and the resulting complexes have shown efficient anticancer activity \[[@b25-medscimonit-26-e922561],[@b27-medscimonit-26-e922561]\]. For example, early complexes of jatrorrhizine with platinum were reported to show potential anticancer activity \[[@b28-medscimonit-26-e922561]--[@b31-medscimonit-26-e922561]\].

Therefore, this study aimed to investigate the effects of the paeonol-platinum(II) (PL-Pt\[II\]) complex ([Figure 1](#f1-medscimonit-26-e922561){ref-type="fig"}) on SW1736 human anaplastic thyroid carcinoma cell line and the BHP7-13 human thyroid papillary carcinoma cell line *in vitro* and on mouse SW1736 tumor xenografts *in vivo*.

Material and Methods
====================

Cell lines
----------

The SW1736 human anaplastic thyroid carcinoma cell line and the BHP7-13 human thyroid papillary carcinoma cell line were obtained from the cell bank of the Fourth Military Medical University, China. The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (FCS) (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) in an incubator with a humidified atmosphere containing 5% CO~2~ at 37°C. Penicillin (100,000 units/L) and streptomycin (100 mg/L) were added to the culture medium.

MTT assay
---------

The MTT assay measured the proliferation inhibitory activity of the paeonol-platinum(II) (PL-Pt\[II\]) complex for SW1736 and BHP7-13 cells. The cells were incubated with PL-Pt(II) at 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75 and 2.0 μM for 48 h. The MTT solution with a final concentration of 5 mg/ml was added to the plates, and the cells were incubated for 4 h. The MTT reduction produced water-insoluble blue formazan crystals. After the medium was removed, the cells were suspended in dimethyl sulfoxide (DMSO). The changes in absorbance by formazan produced were measured at 487 nm using a microplate reader (BioRad Labs, Hercules. CA, USA).

Cell cycle assessment
---------------------

The SW1736 and BHP7-13 cells incubated at 1×10^6^ cells per well in six-well plates were cultured in DMEM overnight. PL-Pt(II) at 1.0 and 2.0 μM doses were mixed with medium, and the cells were incubated for 48 h. Trypsinization of the adherent cells was followed by washing in PBS and fixing with 70% ethyl alcohol. Then, RNase A and propidium iodide (PI) were added to the wells and incubated for 20 min. The DNA content of cells was detected using flow cytometry using a BD FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) to assess the cell cycle.

Annexin V/propidium iodide (PI) assay
-------------------------------------

The apoptotic cell count in SW1736 and BHP7-13 cells was measured using an apoptosis detection kit (Immunotech Co., Marseille, France). The cells distributed at 1×10^6^ cells per dish in 60 mm culture plates were treated with PL-Pt(II) at 1.0 and 2.0 μM for 48 h. Then cells were rinsed twice in cold-PBS followed by incubation for 20 min with AnnexinV and PI. The count of the apoptotic cells was determined by flow cytometry using Modfit software (Verity Software House, Inc., Topsham, ME, USA).

Western blot
------------

The SW1736 and BHP7-13 cells were incubated at 2×10^5^ cells per well in 100 mm Petri dishes in DMEM medium and cultured overnight. PL-Pt(II) at 1.0 and 2.0 μM was added to the plates, and cell incubation was performed for 48 h. The dissolution of cell pellets was performed in radio-immunoprecipitation (RIPA) buffer and a protease inhibitor cocktail for 25 min at 4°C. The samples were centrifuged at 13,000×g for 30 min, and the protein concentration was assessed by using a BCA kit (Pierce, Rockford, IL, USA). The protein lysate in equal quantities was separated on a 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and subsequently electroblotted onto nitrocellulose membranes (Merck Millipore, Burlington, MA, USA). The membranes were incubated with TBS mixed with Tween-20 (0.1%) with 5% dried skimmed milk powder at room temperature for 3 h. The proteins were probed by incubation with primary antibodies overnight at 4°C. The primary antibodies used were to p-AKT, AKT, p-4E-BP1, 4E-BP1, p-S6, S6, p-ERK1/2, ERK1/2, p21, p27, cyclin D1 and caspase-3 (Cell Signaling Technology, Danvers, MA, USA). After washing with PBS, the membranes were incubated for 2 h with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG secondary antibodies. The enhanced chemiluminescence kit (Bionovas Biotechnology Co., Ltd., Toronto, ON, Canada) in combination with the Molecular Imager VersaDoc MP 4000 system (Bio-Rad, Hercules, CA, USA) were used to detect the protein bands.

The SW1736 cell mouse xenografts
--------------------------------

Thirty 6-week-old female athymic mice, weighing 26--30 gm, were obtained from the Shanghai SLAC Laboratory Animal Company, China. The mice were housed at 23±2°C under pathogen-free conditions in an animal center in 70% relative humidity with a 12-hourly light and dark cycle. All animal experiments were performed according to The International Guidelines for the Care and Treatment of Animals. This study was approved by the Animal Ethics Committee, Nanjing University of Chinese Medicine (Approval No: 2008112401). The mouse studies were conducted in accordance with the guidelines issued by the National Institutes of Health, China.

The mice were randomly assigned to three groups, the sham group, the vehicle-control group, and the PL-Pt(II) treatment group. The SW1736 cells (1×10^8^) in 0.3 mL of normal saline were subcutaneously inoculated into the right flank. The mice were treated with 2 mg/kg of PL-Pt(II) or vehicle through an intra-gastric route for 21 days, daily, until day 28. The mice in the vehicle control group were injected with 200 μL of normal saline. The tumor volumes were measured in each mouse with a slide caliper till day 28. The body weight was also measured as a marker of toxicity.

Determination of p-AKT, p-S6, PCNA and caspase-3 in tumors
----------------------------------------------------------

The mice were euthanized on day 29 of the treatment, using carbon dioxide inhalation, and the xenograft tumors were removed. The excised tumors were treated with protein extraction buffer (GE Healthcare Life Sciences, Logan, UT, USA) followed by homogenization and sonicated at a cool temperature. The samples were centrifuged, and the supernatants were stored under liquid nitrogen for Western blot.

Statistical analysis
--------------------

Data were analyzed using one-way analysis of variance (ANOVA) and Bonferroni's multiple comparison test. Data were presented as the mean±standard deviation (SD) of three experiments. Analysis was performed using SPSS version 17.0 software (SPSS, Inc., Chicago, IL, USA). P\>0.05 represented a statistically significant difference.

Results
=======

Cytotoxicity of the paeonol-platinum(II) (PL-Pt\[II\]) complex in SW1736 and BHP7-13 cells
------------------------------------------------------------------------------------------

PL-Pt(II) treatment reduced cell proliferation of SW1736 and BHP7-13 cells in a dose-dependent manner ([Figure 2](#f2-medscimonit-26-e922561){ref-type="fig"}). The changes in cell proliferation associated with doses of 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, and 2.0 μM of PL-Pt(II) were measured at 48 h by the MTT assay. The SW1736 and BHP7-13 cell growth were reduced by 40% at 0.75 μM PL-Pt(II). At 2 μM of PL-Pt(II) cell growth was reduced by 85% in SW1736 and BHP7-13 cells at 48 h. The IC50 of PL-Pt(II) for SW1736 and BHP7-13 cells was 1.25 and 1.0 μM, respectively, following treatment for 48 h. Doxorubicin at 0.16 μM reduced SW1736 and BHP7-13 cell proliferation to 33% and 28%, respectively.

The effects of PL-Pt(II) on the SW1736 and BHP7-13 cell cycle
-------------------------------------------------------------

The SW1736 and BHP7-13 cells at 48 h of PL-Pt(II) treatment at 1.0 and 2.0 μM were assessed for DNA content and distribution ([Figure 3A--3D](#f3-medscimonit-26-e922561){ref-type="fig"}). PL-Pt(II) treatment of SW1736 and BHP7-13 cells increased the cell fraction in the G0/G1phase. The SW1736 and BHP7-13 cell fraction in the S phase and G2/M phase were reduced following treatment with 1.0 and 2.0 μM PL-Pt(II). The PL-Pt(II)-induced changes in G0/G1 linked proteins were also assessed in SW1736 and BHP7-13 cells treated with 1.0 and 2.0 μM of PL-Pt(II) ([Figure 3E](#f3-medscimonit-26-e922561){ref-type="fig"}). In SW1736 and BHP7-13 cells, p53 and cyclin D1 expression were reduced, while p27 and p21 expression were upregulated following treatment with 1.0 and 2.0 μM of PL-Pt(II).

The effects of PL-Pt(II) on SW1736 and BHP7-13 cell apoptosis
-------------------------------------------------------------

Apoptosis activation by 1.0 and 2.0 μM PL-Pt(II) in SW1736 and BHP7-13 cells was also explored at 48 h ([Figure 4A, 4B](#f4-medscimonit-26-e922561){ref-type="fig"}). Compared with the untreated controls, PL-Pt(II) at 1.0 and 2.0 μM significantly promoted apoptosis induction, which was evident from sub-G1 cell fraction. The sub-G1 fraction of cells increased significantly in SW1736 and BHP7-13 cells on treatment with 1.0 and 2.0 μM PL-Pt(II). The PL-Pt(II) induced apoptosis in SW1736 and BHP7-13 cells were also validated by the assessment of caspase-3 degradation ([Figure 4C](#f4-medscimonit-26-e922561){ref-type="fig"}). In PL-Pt(II) treated cells, caspase-3 degradation was detected markedly compared with the untreated controls.

PL-Pt(II) modulated the mTOR pathways in SW1736 and BHP7-13 cells
-----------------------------------------------------------------

The PL-Pt(II) induced changes in p-4EBP1, 4E-BP1, and p-S6 proteins in SW1736 and BHP7-13 cells was assessed using Western blot ([Figure 5](#f5-medscimonit-26-e922561){ref-type="fig"}). Treatment with 1.0 and 2.0 μM PL-Pt(II) significantly down-regulated the expression of p-4EBP1, p-4E-BP1, and p-S6 in SW1736 and BHP7-13 cells. In SW1736 and BHP7-13 cells, treatment with 1.0 and 2.0 μM PL-Pt(II) down-regulated the expression of p-ERK1/2 and p-AKT. These findings indicated that PL-Pt(II) had an inhibitory effect on the mTOR pathway in SW1736 and BHP7-13 cells.

The effect of PL-Pt(II) on mouse SW1736 cell tumor xenografts
-------------------------------------------------------------

The athymic nude mice developed SW1736 cell subcutaneous xenografts in the flank. The mice with established xenografts were treated with 2 mg/kg of PL-Pt(II) or vehicle for 21 days daily and until day 28 ([Figure 6A](#f6-medscimonit-26-e922561){ref-type="fig"}). The tumor volume showed a statistically significant difference between the PL-Pt(II) treated and vehicle-treated control mice on day 14 (73.1±18.5 mm^3^ and 298.1±45.7 mm^3^; P=0.01) and day 21 (92.3±21.8 mm^3^ and 465.7±82.3 mm^3^; P=0.02). However, there was a difference in tumor volume between PL-Pt(II) treated and vehicle-treated control mice (465.7 ± 88.5 mm^3^ and 802.6±130.5 mm^3^; P=0.18) decreased on day 28, or day 8 of treatment discontinuation. The bodyweight of PL-Pt(II)-treated and the vehicle-treated control mice did not show a significant difference during the study ([Figure 6B](#f6-medscimonit-26-e922561){ref-type="fig"}). In PL-Pt(II)-treated mice, AKT phosphorylation, and S6 protein expression were significantly down-regulated ([Figure 6C](#f6-medscimonit-26-e922561){ref-type="fig"}). Also, caspase-3 degradation was increased in mice treated with PL-Pt(II).

Discussion
==========

The findings from the present study showed that the paeonol-platinum(II) (PL-Pt\[II\]) complex effectively suppressed the proliferation of SW1736 and BHP7-13 thyroid cancer cells *in vitro*. The activity of PI3K/mTOR pathway is higher in the carcinoma cells bearing PTEN deletion or mutated PI3K gain-of-function \[[@b32-medscimonit-26-e922561]\]. The aggressiveness of thyroid cancer depends on PI3K/mTOR activation, and targeting this pathway impairs thyroid cancer growth \[[@b32-medscimonit-26-e922561]\]. It has been reported that mTORC1 inhibition by therapeutic agents in low doses causes S6 kinase 1 inactivation followed by mTORC2 activation, which increased p-AKT by a negative loop mechanism \[[@b33-medscimonit-26-e922561]\]. However, mTORC2 activation and p-AKT enhancement was overcome by the use of higher dose therapeutic agents \[[@b34-medscimonit-26-e922561],[@b35-medscimonit-26-e922561]\]. In the present study, PL-Pt(II) inhibited SW1736 and BHP7-13 cell proliferative potential via apoptosis induction. The caspase-3 degradation in SW1736 and BHP7-13 cells by PL-Pt(II) treatment markedly elevated. Studies have demonstrated elevated levels of inhibitors of cyclin-dependent kinases, p21, and p27 associated with the apoptosis activation and arrest of the cell cycle in different cancer cells \[[@b36-medscimonit-26-e922561]--[@b38-medscimonit-26-e922561]\]. The universal inhibitors of CDKs, p21, and p27 directly target cyclin-CDK complexes activities in the cells \[[@b39-medscimonit-26-e922561],[@b40-medscimonit-26-e922561]\].

The cell fraction in the G1/G0 phase was also increased by PL-Pt(II) in SW1736 and BHP7-13 cell. The arrest of the SW1736 and BHP7-13 cell cycle by PL-Pt(II) was supported by the inhibition of p53 and cyclin D1 expression. However, p27 and p21 expressions were increased in PL-Pt(II)-treated cells. PL-Pt(II) inhibited phosphorylation of PI3K and mTOR in SW1736 and BHP7-13 cells. These findings supported the anti-proliferative activity of PL-Pt(II) for thyroid cancer cells by targeting the PI3K/mTOR pathway. The activation of mTORC1 induces expression of S6 ribosomal protein, which is a downstream component of the S6 kinase 1 \[[@b41-medscimonit-26-e922561]--[@b43-medscimonit-26-e922561]\]. The p-S6 protein phosphorylation promotes the translation of proteins that increase the growth of cells.

The efficiency of mTOR inhibitors as therapeutic agents for sarcoma has been shown by p-S6 protein expression \[[@b44-medscimonit-26-e922561]\]. A previous study showed an inverse association between PI3K/mTOR activation and p27 expression, and targeting this pathway promoted the expression of p27 \[[@b45-medscimonit-26-e922561]\]. The down-regulation of mTORC1 dephosphorylates 4E-BP1, followed by its binding to eIF4E, which blocks protein translation and cell proliferation \[[@b42-medscimonit-26-e922561],[@b43-medscimonit-26-e922561]\]. The findings from the present study showed upregulation of p27 and down-regulation of p-S6 in SW1736 and BHP7-13 cells treated with PL-Pt(II). PL-Pt(II) treatment also inhibited p-4EBP1 and p-4E-BP1 protein expression in SW1736 and BHP7-13 cells. Also, mTORC1 plays an important role in regulating the cell cycle and cell apoptosis in different cells \[[@b43-medscimonit-26-e922561]\]. The inhibitory effect of PL-Pt(II) also included the down-regulation of mTORC1 in SW1736 and BHP7-13 cells. In the present study PL-Pt(II) treatment suppressed *in vivo* tumor xenograft growth in the mice without inducing toxicity. However, tumor growth inhibition by PL-Pt(II) was not effective after treatment discontinuation probably because mTOR, S6 Kinase 1, and 4E-BP1 were re-activated \[[@b46-medscimonit-26-e922561]\]. Degradation of caspase-3 and reduced expression of PCNA were promoted *in vivo* by treatment with PL-Pt(II).

Conclusions
===========

This study aimed to investigate the effects of the paeonol-platinum(II) (PL-Pt\[II\]) complex on SW1736 human anaplastic thyroid carcinoma cell line and the BHP7-13 human thyroid papillary carcinoma cell line *in vitro* and on mouse SW1736 tumor xenografts *in vivo*. The PL-Pt(II) complex induced cytotoxicity for thyroid cancer cells by down-regulating the mTOR pathway, activated cell apoptosis, and increased the sub-G1 cell fraction in SW1736 and BHP7-13 cells.
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![The structure of the paeonol-platinum(II) (PL-Pt\[II\]) complex.](medscimonit-26-e922561-g001){#f1-medscimonit-26-e922561}

![The effect of the paeonol-platinum(II) (PL-Pt\[II\]) complex on the viability of SW1736 human anaplastic thyroid carcinoma cells and BHP7-13 human thyroid papillary carcinoma cells. The changes in SW1736 and BHP7-13 cell growth was measured at the indicated concentrations of PL-Pt(II) using the MTT assay. \* P\<0.05; \*\* P\<0.02 and \*\*\* P\<0.01 *vs.* untreated cells.](medscimonit-26-e922561-g002){#f2-medscimonit-26-e922561}

![The inhibitory effect of the paeonol-platinum(II) (PL-Pt\[II\]) complex on the cell cycle in SW1736 human anaplastic thyroid carcinoma cells and BHP7-13 human thyroid papillary carcinoma cells. (**A**--**D**) The DNA content in PL-Pt(II)-treated SW1736 cells and BHP7-13 cells, detected by flow cytometry using propidium iodide (PI) staining. (**E**) The proteins regulating the cell cycle were assessed using Western blot in SW1736 and BHP7-13 cells treated with 1.0 and 2.0 μM of PL-Pt(II). \* P\<0.05 and \*\* P\<0.01 *vs.* untreated cells.](medscimonit-26-e922561-g003){#f3-medscimonit-26-e922561}

![The apoptotic effects of the paeonol-platinum(II) (PL-Pt\[II\]) complex on SW1736 human anaplastic thyroid carcinoma cells and BHP7-13 human thyroid papillary carcinoma cells. (**A**, **B**) The fraction of sub-G1 cells measured using flow cytometry at 48 h of treatment with 1.0 and 2.0 μM of PL-Pt(II). (**C**) Caspase-3 degradation in SW1736 and BHP7-13 cells treated with 1.0 and 2.0 μM of PL-Pt(II) assessed by Western blot. \* P\<0.05 and \*\* P\<0.01 *vs.* untreated cells.](medscimonit-26-e922561-g004){#f4-medscimonit-26-e922561}

![The effects of the paeonol-platinum(II) (PL-Pt\[II\]) complex on the mTOR pathway in SW1736 human anaplastic thyroid carcinoma cells and BHP7-13 human thyroid papillary carcinoma cells. The expression of p-ERK1/2, p-AKT, p-4EBP1, p-4E-BP1, and p-S6 in SW1736 and BHP7-13 cells after treatment with 1.0 and 2.0 μM of PL-Pt(II) was assessed by Western blot.](medscimonit-26-e922561-g005){#f5-medscimonit-26-e922561}

![The inhibitory effect of the paeonol-platinum(II) (PL-Pt\[II\]) complex on mouse SW1736 cell tumor xenografts *in vivo.* (**A**) PL-Pt(II) (2 mg/kg) gavage was given daily for 21 days to the mice bearing the SW1736 cell xenografts, which reduced tumor volume. (**B**) The toxicity of PL-Pt(II) *in vivo* was evaluated by measuring body weight during the study. (**C**) The effect of PL-Pt(II) on p-AKT, p-S6, caspase-3, and p-S6 in the mouse tumor xenografts were detected by Western blot. \* P\<0.05, \*\* P\<0.02 and \*\*\* P\<0.01 *vs.* Day 0.](medscimonit-26-e922561-g006){#f6-medscimonit-26-e922561}
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